Wastewater stabilization ponds have long been considered a sustainable treatment option for developing regions. Sludge buildup in primary ponds is also a sustainability issue since ponds must be desludged every 2-15 years depending on their design and solids loading. Pond systems in developing regions are often designed without a desludging plan and operated without the amortized desludging cost included in the operation and maintenance budget. This paper presents a method where sludge drying within a pond is effected by rooted plants; after drying, the sludge is removed with a mid-sized excavator. The method was tested in the desludging of a primary pond in Tela, Honduras, where sludge 4 m deep was dried to a solid (TS ≈ 18%) to a depth >1 m using the wetland plant Ludwigia octovalvis. The data suggest that both evapotranspiration and drainage through the root system contributed to dewatering. The total cost in 2011 US dollars was $13,716 or $4.47 m 3 removed, which was paid from the municipality's general fund without external aid. The method presented is sustainable, and serves as a model for desludging operations where excessive sludge accumulation has occurred -a likely scenario in many primary ponds in developing regions.
INTRODUCTION
Wastewater stabilization ponds have long been considered an appropriate wastewater treatment option for developing regions. In addition, pond effluents can be valorized for reuse in agriculture and aquaculture. This effluent valorization can be a critical component of long-term operational sustainability for poor municipalities with scarce resources.
Sludge buildup in primary ponds is also a critical issue for long-term sustainability since anaerobic ponds must be desludged every 2-5 years and facultative ponds every 5-15 years. The detailed requirements of primary pond desludging as an integral part of the overall treatment process, however, with the exception of works such as those of Gonçalves () and von Spelling (), is usually given cursory attention in the pond literature (e.g., Yánez ; Mendonça ; Mara ; Shilton ; Arceivala & Asolekar ; US EPA ). Unfortunately, numerous pond systems in developing regions, most of which were constructed with international aid, operate without a desludging plan, without the amortized desludging cost included in the operation and maintenance budget, and without knowledge of how to proceed with desludging when it becomes necessary. Many of these ponds, such as those in Central America, have operated for years and have sludge accumulation depths >1 m that will be difficult and costly to desludge (Oakley et al. ; Oakley & Salguero ) . If pond systems are to be sustainable in the long-term, it is imperative that simple desludging methods be developed and fully integrated into their design and operation.
Gonçalves () divided the methods of pond desludging into two general categories: (i) wet removal where the pond remains in operation and the sludge is pumped or dredged to trucks or drying beds; and (ii) dry removal where the pond is taken out of service, drained, and the dried sludge removed manually or with heavy equipment. Carré et al. () and Picot et al. () After a primary pond has been drained for desludging, the time required for drying before removal with equipment can be estimated from the following equation modified from US EPA () and Arceivala & Asolekar (): The infiltration, I, is defined by
where I is the infiltration, P the precipitation, RO the runoff from the sludge surface (all in mm/day or m/day), and D I the decimal fraction of infiltrating water that is not absorbed and drains through the sludge. runoff from the sludge surface, which does not occur in sand beds, will occur within a drained primary pond.
Because of mounding, the top layers of the wet sludge will also drain for several days (D S ) after the pond is emptied.
Finally, once the sludge has dried beyond the plastic limit and becomes a solid, it will not rehydrate to a semi-solid when wetted (Dillard  As an example, Table 1 shows evapotranspiration, precipitation and runoff data for a hypothetical sludge surface in the drained primary pond at Tela, Honduras. In this table it is assumed the sludge is covered with a grass veg-
, and the fraction of RO is calculated for each month using the SCS method (SCS ). As seen in the table, the months of March, April, May and June have significant net evapotranspiration, and this should be the design period used for drying; February would be used for pond draining and initial site preparation such as planting a vegetative cover.
Because (K C ET 0 À I) n varies from month to month, it is convenient to rearrange Equation 1 on a monthly basis to the following form
where h m i is the total depth that the sludge is dried from TS 0 to TS f during month i, t d i the number of days in month i, and (K C ET 0 À I) m i the net daily evapotranspiration for contiguous days during month i. The total depth, h T , that is dried from TS 0 to TS f during the drying period is then the sum of each individual month in which drying occurs:
After drying through evapotranspiration, the final depth of sludge (equivalent to the root depth) and the final volume as a fraction of the initial volume can be estimated with the b Runoff calculated using the Soil Conservation Service methodology (SCS 1972) . It is assumed that runoff originates from a rainfall event of 25 mm; greater quantities of rainfall produce a greater fraction of runoff (SCS 1972) . The majority of rainfall events at Tela throughout the year are less than 25 mm as reported in the global summary of daily precipitation for the Tela station (National Climate Data Center: www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=).
following equations (US EPA ):
where h f is the final sludge depth (m) and V f and V 0 the final and initial sludge volumes (m 3 ). Equations 5 and 6 assume the change in depth and volume is primarily due to water loss, which is true as long as the sludge is a liquid or semisolid.
Figure 1 is a plot of Equations 3 and 4 using the Tela data presented in Table 1 The pond as viewed from the discharge side, with significant drainage of water from the first half of the pond (with the majority of sludge accumulation) into the second half; this water had to be periodically pumped out. The pond was refilled and returned to operation in August
2008.
The total cost for the removal of 3,067 m 3 as shown in Table 2 was US$ 13,716 or US$ 4.47 per m 3 (at TS f ¼ 18%), and was paid from the general fund of the Municipality of Tela.
Role of evapotranspiration and drainage
In spite of the worst possible timing to initiate desludging activities at the start of the wet season, the deep sludge at the pond's entrance dried to a solid to a depth !1 m, allowing the contractor to remove all of the sludge occupying the first half of the pond within two months. The data presented in Table 1 , however, suggest that sludge drying would not be possible from July-September. While the precipitation data presented in Table 1 are based on long-term averages over decades, precipitation for any given month can vary widely from year to year (evapotranspiration is not likely to change significantly). Daily precipitation data for worldwide meteorological stations are available for any year from the National Climatic Data
Center of the US government (http://www.ncdc.noaa.gov/ oa/ncdc.html). Table 3 shows the summary for the daily precipitation data in Tela for the months of July-September
2007.
The precipitation data for 2007 show the monthly totals for July, August and September (70.9; 89.9; 101.1 mm) are only 34.9, 39.1, and 43.6%, respectively, of the long-term averages (Table 1) . As a result, the net evapotranspiration (K C ET 0 À I) is positive for all three months and is much greater, ranging from 3.1 times greater for July to 5.6 times for August, than that calculated from the long-term averages. These values, however, are still only about 50% of those calculated for the optimum months for sludge drying (March-May) as seen in Table 1 .
The values in Table 3 Table 3 because of D I . In conclusion, the significant growth of Ludwigia with the concomitant evapotranspiration, and the drainage of water, including RO, D S , and D I , towards the discharge side of the pond all played roles in sludge drying.
Heavy equipment selection and use
The selection and use of heavy equipment for removal of sludge from primary ponds is a critical component of This study is one of the few to be reported where the municipality itself paid for the desludging operation out of its general fund. The wastewater stabilization pond system in Tela serves a population of approximately 10,000 persons, and there are 2,500 sewer connections that discharge to the pond system. The monthly tariff for connections is shown in Table 4 . The monthly rate varies depending on the location and the amount of pumping needed to reach the pond system.
Compared to the annual income from sewer fees, the total cost of desludging of US$ 13,716 (Table 2 ) over a 15 year period is a very small percentage of the total income generated. As is common in small Latin American municipalities, however, administrators in Tela do not necessarily return funds to the departments where they were generated and instead may use them for other purposes. The first contractor abandoned the site because they had not been paid by the municipality, and it is likely the funds that were promised to the Department of Public Works were spent on other, more visible projects during an election year. Nevertheless, the following year funds were made available to finish the project and it is one of the most successful desludging projects to date in Central America where the entire project was funded by the municipality.
CONCLUSIONS
Desludging of primary wastewater stabilization ponds is an urgent issue for the sustainability of many existing systems in developing regions with excessive sludge accumulation.
Unfortunately, there are very few examples in the literature showing methods and costs appropriate to the resources of small, poor cities. This paper presents a method that is sustainable and low-cost, that was performed and paid for by the municipality without external aid, and serves as a model for low-cost desludging operations.
The ramifications for primary pond design and desludging process design include the following:
• The bottom of primary ponds should be designed with a slope towards the discharge side so water draining from the sludge deposits on the intake side, whether RO, D S , or D I , will drain away from the sludge (Figure 4 ).
• Detailed design of the sludge drying process using evapotranspiration data and the equations presented in this paper should be included in the design of all primary pond systems.
• Wetland plants with rapid growth, such as Ludwigia species, should be planted immediately after draining the pond. Plants foster dewatering through both evapotranspiration and drainage, and without plant growth deep sludges will not dry to solids at depths >0.15-0.2 m.
• Excavators are the best heavy equipment to remove deep sludges that have been dried to a solid or semi-solid.
